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1 INTRODUCTION  
As is well-known, turbulence coherent structures 
exist in open-channel and river flows at a broad 
range of spatial and temporal scales. Even though 
much of the existing literature focuses on coherent 
structures (or the bursting fluid motion) in the 
wall region, the fact that bursting fluid motions 
(ejections and sweeps) are not restricted to the 
wall region, but that they exist also in the outer 
region as a manifestation of large-scale coherent 
structures in this region, was unequivocally estab-
lished in some of the earlier works on organized 
turbulent motion and the related bursting pheno-
mena (see e.g. Grass 1971, Hussain 1983, Talmon 
et al. 1986, Rashidi & Banerjee 1988). The large-
scale coherent structures, which, following Hus-
sain (1983), can be defined as the largest conglo-
meration of turbulent eddies which has a prevail-
ing sense of rotation, are “born”, grow so as to 
eventually occupy the entire body of fluid, and fi-
nally disintegrate or “die” (Yalin 1992). In this 
work, the term burst will be used to designate the 
evolution of a large-scale coherent structure dur-
ing its life-span. In open-channel flows, the bursts 
can be vertical or horizontal (Yalin 1992, Utami & 
Ueno 1977). The coherent structures of the former 
rotate in the vertical );( zx -planes of flow, those of 
the latter in the horizontal );( yx -planes. 
Several prominent researchers have since long 
expressed the view that large-scale coherent struc-
tures play an important role in sediment transport 
as well as in the formation and/or development of 
large-scale river morphological features. In par-
ticular, large-scale vertical coherent structures 
(VCS’s) have been associated with the formation 
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and/or development of dunes, and large-scale ho-
rizontal coherent structures (HCS’s) with the for-
mation and/or development of bars and meanders 
(more on the topic in Yalin 1992, Yalin & da Sil-
va 2001, Best 2005,  etc.). However, in the ab-
sence of a proper understanding of the flow organ-
ization at the larger (river reach) scale and an 
adequate characterization of the macro-turbulent 
structures in river flows, the exact role played by 
these structures has throughout the years remained 
elusive (Roy et al. 2004). Indeed, only relatively 
recently have substantial research efforts started to 
be devoted to the development of a proper under-
standing of the dynamics and possible conse-
quences of large-scale coherent structures in the 
context of river flows. However, as can be in-
ferred from the reviews on the topic by Yalin 
(1992) and Nezu & Nakagawa (1993), as well as 
from Tamburrino & Gulliver (1999), Buffin-
Bélanger et al. (2000), Shvidchenko & Pender 
(2001), Roy et al. (2004), Franca & Lemmin 
(2008), even though such efforts have resulted in 
considerable advances, all research on the topic so 
far has focused exclusively on VCS’s. 
As a result, the existing information on the dy-
namics and life-cycle of HCS’s, which have not 
yet been the focus of any directed, systematic stu-
dies, remains rather hypothetical, and to a large 
extent based on generalizations of the life-cycle of 
VCS’s. For this reason, any associations between 
HCS’s and patterns of sediment transport and 
large-scale river forms, such as alternate bars and 
meandering, even though suggested in the litera-
ture, and most prominently by Yalin (1992) and 
Yalin & da Silva (2001) (see also da Silva 2006), 
cannot but be viewed as largely speculative. 
Considering the aforementioned, and in an at-
tempt to contribute to a better understanding of 
the size, dynamics and consequences of HCS’s in 
the context of river flows, the writers have in-
itiated an extensive laboratory study focusing on 
these structures. The objective of this paper is to 
report some of the measurements and results of 
the first phase of this study, aimed at establishing 
the characteristic time and length scales of HCS’s. 
This paper is to be viewed as an extension of the 
recent work by da Silva & Ahmari (2009). 
2 HORIZONTAL COHERENT STRUCTURES 
AND BURSTS: FUNDAMENTALS AND 
EXISTING HYPOTHESES 
Before proceeding further, some pertinent funda-
mentals of horizontal coherent structures and ex-
isting hypotheses regarding their life-cycle are re-
viewed below. These are used to guide the 
experimental setup adopted in this work. 
i) Although, as mentioned in the Introduction, ho-
rizontal coherent structures have not yet been the 
focus of directed research, there are reasons to be-
lieve that in their life-cycle they follow, mutatis 
mutandi, a sequence of events similar to that fol-
lowed by VCS’s, with the difference that they oc-
cur in a horizontal “flow ribbon” (Yalin 1992).  
But this means that HCS’s are likely to originate 
at the “points” P  near the banks and the free sur-
face (Figure 1a), where the horizontal shear 
stresses xyτ  are the largest, and from there be 
conveyed by the mean flow away from the bank 
and downstream while growing in size, eventually 
evolving to “width-scale rolling structures”. Once 
the lateral extent of HCS’s becomes as large as the 
flow width B , they  must be expected to interact 
with the opposite bank and disintegrate into a cas-
cascade of smaller and smaller eddies, the neutra-
lized fluid mass returning to its original bank so as 
to arrive there at HTt = , after travelling the dis-
tance Hλ . The “birth” and growth of any such 
structure would clearly be accompanied by the 
ejection of low momentum fluid which travels to-
wards the opposite bank, while its disintegration, 
by high momentum fluid traveling towards the 
original bank (sweep). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Conceptual representation of a horizontal burst-
cycle. (a) Plan view; (b) Side view. HCS, horizontal cohe-
rent structure; eH, eddy of horizontal turbulence 
 
The prevailing view appears to be that the cohe-
rent structures forming the horizontal bursts of a 
wide open-channel have the shape of horizontally 
positioned disks, eventually extending (along z) 
throughout the flow thickness h  (Yokosi 1967, 
Grishanin 1979, Jirka & Uijttewaal 2004, Yalin 
2006).  
The “break-up” of a coherent structure at any 
iO  prompts the birth of another at 1+iO . The dis-
tance 1+iiOO  between the “birth-places” of two 
consecutive bursts of a horizontal burst-sequence 
is the burst length Hλ , the life-span of a burst (i.e. 
the burst period) being vT HH /λ= , where v  is 
the average flow velocity (for the coherent struc-
tures are transported by the flow with the velocity 
v≈ ). 
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ii) Bursts are randomly distributed in space and 
time. This implies that under completely uniform 
conditions of flow, there is an equal probability 
(or frequency) of occurrence of bursts for any re-
gion xΔ and time interval tΔ . This applies to both 
vertical and horizontal bursts. As pointed out by 
Yalin (1992), pp. 70-71, such a homogeneous, or 
uniform, distribution of bursts along the flow di-
rection x  cannot lead to a wave-like deformation 
of the flow, in turn, capable of leading to a period-
ic deformation of the bed and/or banks. According 
to the just mentioned author, there must thus be in 
the flow a “location of preference” leading to the 
increment of the frequency of bursts at that loca-
tion – and, since the break-up of one coherent 
structure (CS) triggers the “birth” of the next CS, 
leading also to the more frequent generation of 
sequences of bursts initiating from it. The perpe-
tual action of such burst sequences on the flow 
must inevitably make it to acquire a periodic “de-
formation”, ultimately leading to the periodic de-
formation of the bed surface. Yalin (1992) further 
argued that, in practice, an increased frequency of 
bursts at a location can be realized by means of a 
local discontinuity (the section containing it thus 
becoming the preferential section, 0=x  say). In 
the case of laboratory conditions, the discontinuity 
can be the beginning of the mobile bed or banks, 
an accidental ridge on the sand surface, etc. 
 
iii) If, as hinted by Kishi (1980) and Jaeggi 
(1984), and as extensively argued by Yalin (1992) 
and Yalin & da Silva (2001), alternate bars are the 
“imprints” of HCS’s on the bed, and since alter-
nate bars are anti-symmetrical with respect to the 
x -axis (Figure 2c), in all likelihood so must be 
the sequences of horizontal bursts issued from the 
right and left banks, respectively. The likely anti-
symmetrical arrangement of the sequences of 
bursts (which are supposed to initiate from a dis-
continuity in the sense of the previous paragraph) 
is shown in Figure 2a. [Note that Figure 2b shows 
the related periodic deformation of the flow 
streamlines.] 
3 EXPERIMENTAL SET-UP AND FLOW 
CONDITIONS 
The present flow velocity measurements were car-
ried out in a 1m-wide, 21m-long and 0.4m-deep 
straight channel (see Figure 3). The channel was 
installed in a 21m-long, 7m-wide river basin 
equipped with a water re-circulation system, the 
complete details of which are given elsewhere 
(Ahmari 2010). The upstream end of the river ba-
sin consists of a 1.85m-wide and 8.8m-long stil-
ling tank, a 0.60m-tall wall separating  the  stilling  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Plan view of straight channel showing: (a) Likely 
anti-symmetrical arrangement of horizontal coherent struc-
tures (HCS’s); (b) Related internal meandering of flow;      
(c) Alternate bars on the movable bed. Λa, length of alter-
nate bars. 
tank from the river basin. The water entered the 
present experimental channel through a 1m-wide 
opening on this wall. The side walls of the chan-
nel were vertical and made of aluminum. The 
channel bed was formed by a well-sorted silica 
sand, with an average grain size 50D  of 2mm. To 
ensure that the bed material would not be removed 
from the bed at the entrance of the experimental 
channel, a 1m-long stretch of gravel of diameter 
5.2≈ cm was installed at the upstream end of the 
channel. The surface of the sand bed was scraped 
so as to produce the desired stream slope, and a 
flat bed surface. The flow free surface slope was 
adjusted by means of a tailgate at the end of the 
channel.  
 The hydraulic conditions of the turbulent, sub-
critical and uniform flow under investigation are 
summarized in Table 1, where B is the flow width, 
Q  is the flow rate, h  is the flow depth, S  is the 
bed slope, Fr  is the Froude number, Re  is the 
flow Reynolds number, *Re  is the roughness 
Reynolds number ( ν/* skv= , where =*v  
gSh=ρτ /0  is the shear velocity and sk  is 
the granular skin roughness), and crYY /  is the 
relative flow intensity ( )/(0 DY sγτ=  being the 
mobility number and crY  the value of Y  at the 
critical stage (stage of inception of sediment 
transport)). Here the symbols 0τ  and sγ  stand for 
bed shear stress and submerged specific weight of 
the bed material, respectively.  
 
Table 1. Hydraulic conditions of the flow under investiga-
tion (B=1m; D50=2mm).  
Q 
 (l/s) 
h  
(cm) 
Fr Re Re* Y/Ycr B/h h/D 
9.0 4.0 0.36 9000 97 0.40 25 20 
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Figure 3. Schematic of experimental channel and location of velocity measurements  
(stations 1 to 17 in cross-sections 3 to 20) 
 
For the present sand, crY was identified with  
0.045 while,   following   Kamphuis   (1974)   and 
Yalin (1977), sk  was identified with 502D . The 
usual value of 16186.5 N/m3 was adopted for the 
sand submerged specific weight sγ . The value of 
the average flow velocity in the channel was 
5.22=v cm/s. Note that the bed shear stress acting 
on the bed was substantially below the threshold 
for initiation of motion − thus ensuring that the 
bed remained flat throughout the measurements. 
The specific combination of the values of B, h 
and D of the present flow was selected so that the 
flow would lead to the occurrence of alternate 
bars provided that the material on the bed would 
be able to move. The present flow thus purposely 
plots well in the midst of the alternate bar region 
of the )/;/( DhhB -plan defining the existence 
regions of large-scale bed forms (alternate and 
multiple bars) and large-scale plan forms (mean-
dering and braiding) due to da Silva (1991) 
(which can be found, in its most recent updated 
form, in Yalin & da Silva (2001) and da Silva 
(2006)). 
 In order to establish “location of preferences” 
for generation of bursts and bursts-sequences on 
both walls (see the previous section, paragraphs 
(ii) and (iii)), two 10cm-long blocks with 
2cm×2cm square bases (blocks A and B) were at-
tached to the walls, with their longest sides stand-
ing vertically and their square bases lying ≈ 2cm 
from the bed surface. The exact location of the 
blocks was as shown in Figure 3.  
The measurements consisted of 2 minute-long 
records of instantaneous flow velocity collected at 
cross-sections 3 to 20 (Figure 3), and in each 
cross-section at 17 different points (henceforth re-
ferred to as stations). The stations were equally 
spaced along each cross-section, with stations      
1 and 17 located 10cm from the channel walls. 
The sampling time to produce a complete set of 
2min-long oscillograms of flow velocity was 10.2 
hours (= 2 min per station times 306 measurement 
stations (17 stations per cross-section and 18 
cross-sections)). All velocity measurements were 
carried out 1cm below the free surface with the 
aid of a SonTek 16MHz 2-D Micro ADV. This 
was operated at a sampling frequency of 20Hz 
(more on the topic in Ahmari 2010). 
4 SIGNAL DECOMPOSITION 
In order to identify the largest coherent structures 
in the flow, the records (oscillograms) of fluctuat-
ing flow velocity were treated with the aid of two 
different methods: a simple “smoothening” of the 
oscillograms through time-averaging; and empiri-
cal mode decomposition (EMD) of the records 
combined with power spectral density (PSD) 
analysis of the resulting decomposed velocity 
records. 
 
4.1 “Smoothening” of the fluctuating velocity 
oscillograms 
 As indicated by e.g. Yokosi (1967), Yalin (1992), 
by averaging the oscillogram of the time-variation 
(due to turbulence) of flow velocity over consecu-
tive time-intervals tΔ , then the “smoothened” (or 
filtered) oscillograms contain only those velocity 
fluctuations whose period is larger than tΔ . Thus, 
by selecting a sufficiently large tΔ , it is possible 
to reveal those longest periods (or lowest frequen-
cies) of the velocity fluctuations which are due to 
the largest structures in the flow, and thus to re-
veal the burst-period (Yalin 1992).  
 The procedure described in the previous para-
graph to determine the longest periods of the ve-
locity fluctuations is illustrated in Figure 4, using 
as example the 2min-long oscillogram of the fluc- 
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Figure 4. (a) Original 2min-long oscillogram of the fluctuating component of longitudinal flow  velocity collected 
at section 10-station 17; (b) and (c) Resulting fluctuating velocity diagrams after averaging 
with the time-interval Δt = 2s and Δt = 8s , respectively 
 
tuating  component  of  longitudinal  flow velocity 
 u′  collected at section 10, station 17. Figure 4a 
shows the original oscillogram of u′ ; Figures 4b 
and 4c were obtained by using the consecutive av-
eraging time-intervals of st 2=Δ  and st 8=Δ , re-
spectively. In this example, the longest periods of 
the velocity fluctuations became evident when 
st 8≈Δ . This can be inferred from Figure 4c, 
where the solid line is the smoothened oscillogram 
(and the dashed line is drawn so as to closely fol-
low the trend of the smoothened oscillogram 
while highlighting the peaks and troughs of the 
oscillogram). Observe also from Figure 4c that the 
smoothened oscillogram in this example exhibits a 
rather regular cyclic pattern of variation, with four 
cycles between the troughs at st 11≈  and 
st 111≈ . This yields, for this example, a value of 
s25≈  ))4/)11111(( −=  as the average value (av-
eraged over the sampling time of 2min) of the pe-
riods of velocity fluctuations due to the largest 
structures in the flow. 
 As a rule, it was found that an averaging time 
interval of 8s was adequate to reduce the oscillo-
grams to the point where the periods of the fluctu-
ations due to the largest structures in the flow 
were clearly evident. 
 
4.2 Empirical Mode Decomposition (EMD) 
Empirical Mode Decomposition (EMD), intro-
duced by Huang et al. (1998), has been success-
fully applied to the study of turbulent flows in dif-
ferent fields. This includes the study of turbulent 
open-channel flow, as illustrated by the recent ap-
plications by Zeris & Prinos (2005), Huang et al. 
(2007) and Franca & Lemmin (2008). EMD adap-
tively decomposes a time series into its intrinsic 
mode functions (IMF’s). An intrinsic mode func-
tion has the following two characteristics (Huang 
et al. 1998):  1- in the whole data set,  the  number  
 
of extrema and number of zero crossings must be 
equal or differ by 1; and 2- at any point, the mean 
value of the envelope defined by the local maxima 
and envelope defined by the local minima must be 
zero. 
Huang et al. (2007) presented the following 
procedure to decompose a time series )(tx  into 
IMF’s: 
1-  Find the local extrema of the signal )(tx . 
2-  Determine the upper envelope, )(max te , of the 
signal by connecting the local maxima with the 
aid of a cubic spline interpolation. Determine 
also the lower envelope, )(min te , of the signal 
by following a similar procedure. 
3- Find the mean 2/)]()([)( minmax1 tetetm += . 
4- Determine the local detail )(1 th  by subtracting 
the mean from the main signal. 
5-  Check whether )(1 th satisfies the required con-
ditions to be an IMF, as stated above. If yes, 
then the resulting )(1 th is the first IMF. In this 
case, find the residual )()()( 11 tCtxtr −= and 
adopt it as the new series to which steps 1 to 5 
are to be applied again to determine subsequent 
IMF’s. If )(1 th is not an IMF, a procedure 
called “sifting process” is applied as many 
times as needed to obtain an IMF. 
6-  In the “Sifting process”, start by adopting )(1 th  
as the new data; based on local extrema, de-
termine its lower and upper envelopes, as well 
as their mean 11m . Then determine  
)()()( 11111 tmthth −=  and check whether or 
not )(11 th  is an IMF. If not, the sifting process 
is repeated until )(1 th k satisfies the IMF condi-
tions. In this case, the first IMF is 
)()( 11 thtC k= , the residual )()()( 11 tCtxtr −=  
being taken as the new series in step 1. 
 
The above procedure was adopted in this paper to 
decompose the velocity signals. As an example, 
some of the IMF’s (namely IMF-1, IMF-3, IMF-5 
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and IMF-7) resulting from the application of EMD 
to the 2min-long oscillogram of the fluctuating 
component of longitudinal flow velocity u′  col-
lected at section 15, station 2, are shown in Figure 
5. In total, the oscillogram was decomposed into 9 
IMF’s (not shown in their entirety here because of 
the limitations in paper size).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Example of main signal and decomposed signals    
(IMF’s 1, 3, 5, and 7). Main signal in this figure is the oscil-
logram of fluctuating component of longitudinal flow veloc-
ity collected at section 15, station 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Power spectrum for resulting IMF’s 1 to 9 at sec-
tion 15, station 2 
 
4.3 Power spectrum 
In turbulent flow, different IMF’s have different 
physical meanings (noise, small structures, large 
scale structures, etc.), and are thus associated with 
different characteristic frequencies (Huang et al. 
2007). The power spectrum of a signal gives the 
distribution of the power of the signal among var-
ious frequencies and shows the existence, and also 
the relative power, of repetitive patterns and/or 
random structures in a signal (Vaseghi 2008). 
Considering this, in this paper, once a signal was 
decomposed into its intrinsic IMF’s, the power 
(energy per unit time) spectrum of each IMF was 
determined. It was observed that, invariably, one 
IMF is found that, for some frequency, exhibits 
the highest (of all IMF’s) power. Since this fre-
quency is in line with the apparent frequency band 
of the HCS’s, it is assumed that the HCS’s are 
represented by this mode. Consequently, the burst 
period was determined as the inverse of the fre-
quency corresponding to the highest contribution 
to power of such IMF. The method is illustrated in 
Figure 6, showing the power spectrum for the 9 
IMF’s resulting from the EMD at section 15, sta-
tion 2 (partially shown in Figure 5). As can be in-
ferred from Figure 6, among the nine IMF’s,   
IMF-5 has the overall highest contribution to the 
power of the main signal, occurring at a frequency 
of 03.0≈ Hz, and corresponding to a period (hori-
zontal burst-period) of 3.33≈ s. 
5 RESULTS 
For each of the present series of measurements, 
both of the techniques discussed in the previous 
section were applied to the entire set of 2min-long 
oscillograms of u′ , covering the flow domain 
from sections 3 to 20 (and collected in each sec-
tion at stations 1 to 17).  
 
i) After applying the “smoothening” procedure de-
scribed in Section 4.1 to all of the measured oscil-
lograms, each of the smoothened oscillograms 
was then used to determine the average value of 
the periods of its velocity fluctuations (averaged 
over the sampling time of 2min). The ranges of 
variation of such average values for the entire sets 
of 2min-long oscillograms as well as the frequen-
cy of occurrence of specific values within such 
ranges, can be inferred from the frequency plots in 
Figure 7. These plots are presented in the form of 
probability density plots with the solid line 
representing the pdf of a fitted normal distribu-
tion. For the purpose of producing these plots, the 
channel was divided into the following three re-
gions: an upstream region, from sections 3 to 7, a 
middle region, from sections 8 to 14, and a down-
stream region, from sections 15 to 20.  
 Irrespective of location in flow domain, the 
smoothened oscillograms were found to invariably 
exhibit long cycles of increasing/decreasing/incre-
asing  u′ , by multiple times larger than those that 
can be expected because of large-scale vertical 
coherent structures. Indeed,  the burst length of the 
largest vertical structures Vλ  is known to be of 
the order of h6≈  (see e.g. Jackson 1976, Yalin 
1992; Roy et al. 2004). Thus, for the present flow 
they are associated with periods of s1≈  
)1225.0/)04.06(/( svT VV ≈⋅== λ . Yet, the du-
ration of each cycle of fluctuation of u′  in the 
present   smoothened   oscillograms   was    at   its  
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Figure 7. Probability density plots of the average values of the periods of velocity fluctuations of the smoothened oscillograms 
of fluctuating velocity. The plots are divided into upstream region of the channel (sections 3 to 7), middle region (sections 8 to 
14) and downstream region (sections 15 to 20). The values of average and standard deviation shown are those of the fitted 
normal distribution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Probability density plots of the resulting values of the characteristic period of  “dominant” IMF obtained with the aid 
of EMD combined with PSD analysis. The plots are divided into the same channel regions as in Figure 7. The values of aver-
age and standard deviation shown are those of the fitted normal distribution. 
 
minimum of the order of 5≈  to 10s, say, and in 
fact, as a rule much larger than 10s.  
 The large duration of the individual cycles of 
velocity fluctuation in the smoothened oscillo-
grams, and the fact that such cycles are present in 
all of the oscillograms, irrespective of their loca-
tion in the flow domain, cannot but be viewed as 
an indication of the presence of large-scale hori-
zontal turbulence structures, affecting (occupying) 
the entire body of fluid. Moreover, the regularity 
(“periodicity”) in the cycles of velocity in-
crease/decrease/increase of the smoothened oscil-
lograms, and the fact that such regularity can be 
found throughout much of the channel, is consis-
tent with the presence of large-scale periodic 
events in the flow, and more specifically with the 
presence of persistent horizontal burst-sequences 
originating at (or promoted by) the discontinuities.  
  
ii) After applying EMD and PSD, as described in 
Sections 4.2 and 4.3, to each individual oscillo-
gram of fluctuating flow velocity to reveal “its” 
horizontal burst-period, the frequency plots shown 
in Figure 8 were produced. Just like in Figure 7, 
these are presented in the form of probability den-
sity plots with the solid line representing the pdf 
of a fitted normal distribution. 
 
iii) An estimate of the value of the (average) burst 
period HT  of the bursts in the burst-sequences is-
sued from the discontinuities is provided  here  by  
 
identifying HT  with  the  average  of  the  mean 
values of the fitted distributions in the six diagram 
in Figures 7 and 8 (namely 22.8, 24.1, 21.3, 24.8, 
26.3 and 25s). This yields for the average burst 
period sTH 24≈ . Using this value, one obtains 
for the average burst length mTv HH 4.5≈⋅=λ  
(where smv /225.0=  is the average flow veloci-
ty), and thus 4.5/ ≈BHλ . 
6 CONCLUDING REMARKS 
The main results of this work can be summarized 
as follows:  
 
1- The filtered (or smoothed) oscillograms of 'u  
throughout the flow domain were found to invari-
ably exhibit cycles of fluctuation of velocity con-
sistent with the presence of large-scale horizontal 
coherent structures, affecting (or occupying) the 
entire body of fluid. The cycles of fluctuation of 
'u  also suggested that these were part of horizon-
tal burst-sequences promoted by discontinuities.   
 
2- As discussed by Yalin (1992), pp. 70-71, the 
sequences of bursts promoted by the upstream 
discontinuities must necessarily be expected to at-
tenuate along the flow direction x . That is, the 
conditions sufficiently far from the discontinuities 
must eventually revert to those that would be ob-
served in the absence of any discontinuities. How-
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ever, the present channel was comparatively short, 
and the horizontal burst-sequences appeared to 
remain “intact” throughout the channel, with their 
signal still quite evident in the velocity records at 
the downstream end of the channel. 
 
3- The average burst-length Hλ  (normalized by 
the flow width B ) of the aforementioned burst-
sequences was found to be 4.5/ ≈BHλ . The pro-
portionality factor between Hλ  and B, namely 
5.4, is comparable to the proportionality factor re-
lating the length of alternate bars and the wave-
length of meanders to the flow width (see Yalin & 
da Silva 2001 and da Silva 2006). This finding 
lends support to the longstanding belief expressed 
by many prominent researchers that the formation 
of large-scale river forms, and in particular alter-
nate bars and meanders, are related to the large-
scale turbulence.  
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